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I. INTRODUCTION 



In 1946 V. L. Ginsburg and I. M. Frank predicted the existence of transition 
radiation [Ref. 1: pp. 353-362]. This effect was discovered during a period in which 
Russian theoreticians made an extensive effort in the area of radiation producing 
phenomena after the discovery of the Cerenkov effect. Actually, transition radiation 
can be considered, from a phenomenological point of view, as a Cerenkov effect of the 
seond order since it occurs when a charged particle crosses the boundary' between two 
media with differing dielectric constants. More generally, this effect will take place in 
the presence of the inhomogeneities in the medium. 

Through the years, experimental investigation devoted to this effect were 
undertaken primarily with nonrelativistic electrons, in order to firmly establish the 
validity of the theory, in spite of inconvenience arising at these low energies from the 
simultaneous existence of scattering of the electrons and of bremsstrahlung radiation. 
Interest in this type of radiation was renewed after G. M. Garibyan predicted that the 
transition radiation yield was propotional to the energy of the particle. The 
application of this property to the detection and identification of individual panicles 
was the main goal of high energy physics instrumentation, cosmic rays, and 
astrophysics. 

In recent years the in-phase addition of radiation from multiple boundaries has 
been predicted and observed (Ref. 2: p.3594]. For a single interface, the radiation yield 
produced by an individual electron is very weak; of the order of the fine- structure 
constant i. e., roughly one photon for a hundred electrons. For M boundaries the 
spectral intensity varies as M 2 , so that the emission can be much greater than for a 
single interface. In this thesis the effects of light absorption, and random variation in 
foil thickness are included in the design of transition radiation sources for the 
generation of x-rays. The foil dimensions must be held to close tolerance in order to 
satisfy the coherence conditions from each boundary. 
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II. THEORY 



A. IN-PHASE ADDITION OF THE TRANSITION RADIATION 

Transition radiation occurs when a moving charged particle encounters a sudden 
change in dielectric constant at the interface between different media ( e.g., between a 
vacuum and a solid). Ordinarily, a particle which moves with constant velocity does 
not radiate unless it is in a refractive medium and the particle exceeds the velocity of 
the electromagnetic wave in medium -- as is the case for Cerenkov radiation. However, 
if the interaction length is limited , or equivalently, if the dielectric constant changes 
suddenly, then velocity matching is not important. The minimum distance over which 
an electromagnetic wave and a charged particle can exchange energy is called the 

I* M 

formation length and is given by [Ref. 3: pp. 40-44] 

2cp 

1 co( l*Pv Sj-sin'Q) ’ ^ ^ 

where y = (l-j3 2 )’ (i=l, 2) = 1 - (co ; to) 2 are the dielectric constants of the two 

media, ox are their respective plasma frequencies, P = v/c, v is the speed of the 
electron, c is the speed of light, hto is the photon energy, and 9 is the angle of 
emission. For relativistic electrons P ~ I , sin0 ~ 9, and 1 y 2 ~ 2( 1 -p), so that 



Z 



4kp 

(l;y) 2 + 0 2 + (CO.,CO) 2 



( 2 . 2 ) 



where x = cco. 

In traversing an interface, the number of photons per unit time emitted by an 
electron is proportional to the dot product of the particle velocity and electric field 
strength. For a single interface V. L. Ginzburg and I. M. Frank calculated the 
differential production efficiency for transition radiation as [Ref. 1: p.353] 



d 2 N 



O _ 



= (' 



a9 2 o) 

16rt ; c 2 



(Z r Z 2 ) 2 , 



dffdco 



(2.3) 



where d 2 N’ o /dI2dco is the number of photons emitted per frequency per solid angle by a 
single particle crossing a single dielectric interface, a =1/137 is the fine-structure 
constant, is the solid angle in steradians, and Z { and Z-, are given by Eq. (2.1) . 

The spectral intensity from an electron crossing M foil pairs perpendicularly, 
each composed of two materials of thickuess and can be calculated by considering 
the field amplitudes at some observation point [Fig. (2.1)]. The results should be 
simply the coherent sum of the radiation amplitudes from 2M single interfaces. The 
phase factor must be properly included, taking into account that the particle traverses 
different interfaces at different times. 




Figure 2.1 Schematic Diagram of a Multi-foil Radiator. 
This spectral production efficiency is given by [Ref. 4: p. 23] 



d-N 

d£2dco 



= [■ 



dI2dco 



•] 4sin 2 (£„Z,)F(M,X), 



where 

F(M,X) 



1 + exp(-Mcr)-2exp(-M<T/2)cos(2MX) 
1 + exp(-<7)-2exp(-<r/2)cos(2X) 



(2.4) 



(2.5) 
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where N is the number of photons emitted by a single particle traveling through a 
dielectric stack, where <r= + n 2 E 2 , X= C 1 /Z 1 + £ 2 /Z 2 , and ^ and ji, are the linear 

absorption coefficents of the spacing and foil media, respectively — 0 for vacuum 
spacing). When the periods of F(M.X) are not experimentally resolvable and the 
photon absorption of radiation is not small, Eq. (2.5) becomes [Ref. 5: p.918] 



< F(M.X)> 



1 - exp(-Mff) 

<7 



(X6) 



At high photon energies, where x-ray absorption is small or negligible, so that (cr~0) 



F(M.X) 



sin'(MX) 

sin'X 



(2.7) 



Then Eq. (2.4) can be written as 



d-N d 2 X , „ sin-(MX) 

— = a- 4sin 2 (E,,'Z,) 

dHdco dTMco 2 2 sin 2 X 



( 2 . 8 ) 



When the spacing between the foils Ej exceeds the formation length of the gap 
material Zj, F(M,X) varies rapidly compared with the single-interface term given by 
Eq. (2.4) and the peak spectral intensity is found to vary as the square of the number 
of interfaces when X = nr and r is an integer, neglecting photon absorption in the foils, 
variation in foil thickness and the multiple scattering. From Eq. (2.8) it is possible to 
determine the foil thicknesses that maximize photon production. This occurs for 

X = nr , ’ (2.9) 



and 

E,,Z, = (m - l/2)7i , 



( 2 . 10 ) 
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Where r and m are positive integers. Substituting these conditions into Eq. (2.S) gives 



d'N 

dfidco 



4M 2 [- 



d 2 N' 



d^do) 



( 2 . 11 ) 



Eqs. (2.9) and (2.10) are the coherence conditions, i.e., the requirements for in-phase 
addition of the radiation from all interfaces. To minimize photon absorption and 
electron scattering, Ej and E, should be as small as possible which means choosing r = 
m = 1, for these values. 

E 12 = (tc/2)Z 12 . (2.12) 




Figure 2.2 Condition for Coherent Phase Summation. 

With the assumption that e, ~~ 1, from Eqs. (2.1) and (2.9) it is found that the 

* 

angle for which resonance is satisfied is given by [Ref. 6: pp. 264- 275], 



P -t-E 

cose - — 4 ^ 



dP- 



2rtrc 



Ej v Sj + E 2 v / e^ ' <x>( Ej + E 2 ) 



(2.13) 
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The in-phase radiation adds coherently and the resonance transition radiation is shown 
diagramatically in Fig. (2.2). 



Transition Radiation 



Electron 




Figure 2.3 Schematic Diagram of the Transition Radiation Cone. 



B. TRANSITION RADIATION CONE 

Fig. (2.3) shows the transition radiation emitted in a tight forward direction. 
There is also an apex angle that maximizes the radiation d 2 N 0 ,. df2dco from a single 
interface. For the conditions 0 2 < < l, Cj -> ~ 1. and j3 ^ 1, this optimizing angle can be 
derived from Eq. (2.13) [Ref. 4: p.1290] 




- l/3{-(5 1 +5 2 ) +[(5 L + 6 2 ) 2 + 125^. 



I*}. 



(2.14) 
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where 5 ; = [(l/y) 2 + (co., (0)']/2 (i= 1.2) . If both Eq. (2.1) and Eq. (2.13) are satisfied 
for 0 = 0 opt . the d 2 X. di2dct) is optimized. In general, co^> > cOj, , where U) l is the 
plasma frequency of the medium in which the foils immersed. For the case of a foil 
stack, in vacuum, co. ~0 and 0 , reduces to 

i opt 



As the electron energy increases, the cone apex angle becomes small. This gives a 
highly directional and intensive forward beam. 




Figure 2.4 Coherent and Incoherent Transition Radiation from a Foil Stack. 

For incoherent emission the photons can be separated from the emitting charged 
particle. For coherent radiation where there is inter-foil phase addition of the 
radiation, the lobe pattern will be broken into smaller lobes due to interfoil coherent 
addition of soft x-rays [Fig. (2.4)]. 
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C. COMPUTER SPECTRUM ANALYSIS 

By caking the approximate multi- foil absortion [Eq. (2.6)], the analytic expression 
for the transition radiation [Eq. (2.4)] can be written as 



d"N 

df>dco 



4 [' 



d*N , l-exp(-Mcr) 

Msm-( Z,)[ ] 



dfidco 



(2.16) 



This expression was used for the differential production efficiency in spectrum analysis 
below. The analytic expression can be analyzed by dividing it into the three parts: 

1. The single interface intensity 4d“X ;d£ld(jS [Eq. (2.J)] 

2. The single foil interference dependence sin~ci ,, Z-,) [Eq. (2.4)] 

3. The multi-foil interference dependence F(M,X) [Eqs. (2.5) and (2.6)) 

1. Formation Length 

The key to understanding the dependence of the three main terms on the 
photon energy and the stack variables is understanding the dependence of the 
formation length [Eq. (2.1)] on the photon energy and stack variables. The dependence 
of the transition radiation intensity on the formation length can be divided into three 
parts. 

a. The single interface intensity depends on (Z, - Z-,j~ 

b. The single foil interference depends on the phase (if Zf) 

c. The multi-foil interference depends on the phase (if Zj •+• if Zf) 

The formation length is inversely propotional to the photon energy [Fig. 
(2.5)]. The formation length Z-. of the foil has the maximum value Z m at E itical 
(critical energy of transition radiation above which the intensity becomes negligible). 
E d . can be found by taking the first derivative of formation length Z, [Eq. (2.2)] 



"critical 



’(- 



r A^E 



1 + y-e- 



(2.17) 



where E^ is the energy corresponding to the plasma frequency of dielectric foil. For 0 
= 1/y at 0 opt Eq. (2.17) becomes (y!-/2)E-,. Z max can be found by substituting Eq. 
(2.17) into Eq. (2.2) 
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Figure 2.5 Formation Length of Vacuum (Ej = 0, y = 1 27, 9 — 1 y). 



2hc 



max 



Ewl.Y 2 + e r ’ 



(2.18) 



for 0 = 1/y at 0 op[ then Z majt = (v^/E^hcy. For photon energies E< < E critical the 
formation length of the dielectric becomes independent of y and is inversely 
propotional to the square of the medium plasma energy 

Z, = 4hc(E/E, 2 ) . (2.19) 
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Figure 2.6 Formation Length of Al (E, = 32. S eV, y = 127.0 ~ 1 y). 

At the critical energy the formation lengths Zj , Z, are approxmatelv equal, 
and the single interface intensity becomes small. Therefore, above the critical energy 
the transition radiation intensity will be negligible. Figs. (2.6) and (2.7) show the 
dependence of the formation length of Al and Mylar on photon energy for 0 opt ~ l,y 
and y = 127. For photon energies below the critical energy (2.95 keV. 1.79 keV for Al 
and Mylar) the formation length is approximately linear with energy and independent 
of y. The formation length Z-, of Mylar is longer than Al and Mylar has lower critical 
energy than Al because of the smaller plasma frequency. 

2. Single Interface Intensity 

The single interface intensity d'N^'dHco [Eq. (2.3)] limits the spectrum to the 
maximum photon energy approximately equal to yE-,.v2 for a vacuum. dielectric 
stack. Above this energy, the spectrum is propotional to 1 co 4 . Figs. (2.3) and (2.9) 
show that d : N o dfidco falls olF more quickly for a Mylar, vacuum interface than for a 
Al, 'vacuum interface. The single interface intensity is also the factor which limits 
emission of transition radiation to a small forward angle approximately equal to l,y. 
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Figure 2.7 Formation Length of Mylar (E, = 19.9 eV, y = 127, 0~ l;y). 

3. Single Foil Interference Factor 

The single foil interference term sin 2 (6- M Z. ) ) is a important factor in the 
resonance condition. Single foil resonance condition occurs at the photon energy 
satisfying the condition Eq. (2.10) t, = Z-, (2m-l)tt/2 with m an integer. The phase 
slippage of the particle during transit through the foil is (2m-l)JT. 2. and the radiation of 
opposite phase produced at each interface as the particle enters and exits the foil 
interferes constructively. The phase slippage accounts for coherent addition of 
amplitudes from the two interface of a single foil and gives a peak value twice as large 
as from two interface when the emission is completly random. Figs. (2.10) and (2.11) 
show single foil interference factors of A1 and Mylar with respect to photon energy. 
Mylar has a longer formation length Z-, than A1 [Figs. (2.6) and (2.7)] and 2.3 times 
bigger foil thickness than Al. The Mylar has a second peak at a smaller photon energy 
than Al. Fig. (2.12) shows the single foil interference factor as a function of photon 
energy for different foil thickness. The photon energies corresponding to the single foil 
resonance can be found from the first peak curves. 
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PHOTON ENERGY (KEV) 



Figure 2.3 Single Interface Factor of Al (7 = 127). 

4. Muti-foil Interference Factor 

The multi-foil interference factor F(M.Z) [Eq. (2.3)] results from the same 
interference phenomena as for the single foil interference factor. It includes the effect of 
absorption of photons within the foil stack. 

As the number of foils in a stack is increased, intensity at the fixed photon 
energy is increased up to the saturated value. Fig. (2.13) show’s the multi-foil 
dependence according to the number of foils. The absorption factor approximately 
increases linearly with number of foils. When Mcr> > 1 the asymptotic value for 
F(M.X) is l,<J(co). After this value is attained, the radiation intensity can not be 
increased by increasing the number of foils. A approximate condition for foil 
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Figure 2.9 Single Interface Factor of Mylar (y = 127). 

saturation of transition radiation spectrum is Ma ~ 1 . If the resonance condition is 
satisfied, then the radiation from successive foils interferes constructively, and F(M.X) 
~ M" for negligible absorption ( with M the number of foils ). For M> > 1, F(M,X) 
can be approximated as a series of delta functions located at the resonance angles 
given by Eq. (2.13). Fig. (2.14) shows the photon energy dependence of F(M.X) for 
Mylar ! vacuun with the number of foil S and foil thickness 2.5pm . In addition to 
absorption, particle scattering and random variation in foil thickness and spacing 
reduce the resonance effect. [Ref. 7] 
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Figure 2.10 Single Foil Interference Factor of A1 (E, = l|im). 

5. Shape of the Transition Radiation 

The shape of spectrum [Eq. (2.16)] is determined by the three main 
characteristics: 

a The absorption of the radiation in the foils 
b The critical photon energy /i®, = 

c The constructive interference between interfaces of single foil. 

The effect of these factors is shown for three cases. Where the transition 
radiation intensity is plotted as a function of energy for three cases ; (1) for no 
absorption -- single interface factor [ Figs. (2.S) and (2.9) ], (2) for absorption but no 
single foil coherence -- single interface x multi-foil absorption factor [ Fig. (2.15)], (3) 
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Figure 2.11 Single Foil Interference Factor of Mylar = 2.5pm). 

for both absorption and single foil coherence — differential production efficiency [ Figs. 
(2.16), (2.17), (2.1S), and (2.19)]. 

When the losses due to the absorption in the foils are included, the reduction 
of the low-energy photons occurs and the drop-off at the high energy end of the 
spectrum is determined by the critical energy lico . Above this energy the spectrum 
drops off as ((O r co) 4 . 

The second term in Eq. (2.16) sin"(6,/Z,) accounts for coherent addition of 
amplitudes from the two interfaces of the single foil and gives a peak value twice as 
large as from two interfaces when the emission is completlv random. This occurs when 
there is construtive interference between the waves generated at the front and back 
interfaces [Ref. S: pp. 336-339]. The radiation intensity is maximized when the thickness 
of the foil is such that both the electron and the photon travel an integral number of 
wavelengths in the field generated at the first interface. 
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Figure 2.12 Single Foil Interference Dependence 
“on Foil Thickness in Mylar (E, = 19/9 eV). 

The spectral shape from a transition radiator is closely related to the thickness 
of the individual foil [Eqs. (2.4) and (2.5)] not only because the formation length [Eq. 
(2.1)] is needed for photon production but also because of absorption of the emitted 
radiation in the foils [Eq. (2.6)]. For low energy photons, absorption is of concern and 
can be minimized by making the foils as thin as possible; however if the thicknesses are 
made thinner than the formation length, photon production will also stop. Thus, the 
peak production intensity occurs at the photon energy corresponding to the formation 
length Z- equivalent to foil thickness [Ref. 9: p.3604]. There is an optimum foil 
thickness that balances production with re-absorption to give the maximum photon 
yield. This is shown in Fig. (2.20) for the case of Mylar 8 foils. The number of foils M 
is kept constant and the thickness is varied. The magnitude and peak emission can be 
predicted. 

The spectral shape is influenced by not only an optimization procedure of 
minimizing absorption with thin foils but also by using as large a value of M as 
feasible. As the number of foils increases both scattering and photon absorption 
increase, thereby destroying coherence and ultimately preventing emission from 
photons. Neglecting multi-foil scattering, as the number of foils increases the peak 
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Figure 2.13 Effect of the Number of Foil on the Multi-foil Factor (c = 0.001). 

sharpens and increases in intensity as M 2 [Eq. (2.11)], however, since absorption also 
increases with M [Fig. (2.14)] , a final value for photon production is reached where 
increasing M does not result in increased production. Fig. (2.21) shows a limiting 
effectiveness of increasing M. there is small gain in intensity after M ~20. 

The increase in absorption above the K-edge results in a narrower energy 
spectrum than would otherwise be measured. Fig. (2.22) shows the calculated effect of 
K-shell absorption for A1 on the radiation spectrum for 65 MeV electron beam energy 
with K-edge 1560 eV. As the absorption coefficient increases, the intensity decrease 
sharply. The narrow spectrum is due to the sudden change in x-ray absorption at the 
K photoabsorption edge in the material. The curve does not include the effect of the 
detector resolution. 

The purpose of this experiment has been divided into three areas; 

(a) The x-ray radiation is emitted in a forward cone with the apex angle of the 
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Figure 2.14 Multi-foil Absorption Factor of Mylar (M = 8, = 2.5pm). 

cone at approximately l y. The meaurement of the apex angle was 
done by improvements in collecting data using a motor-driven detector. 

(b) The absolute differential production efficiencies for soft x-rays emitted from 
radiator were compared with the theoretical pedictions and interpreted in 
terms of absorption and coherence by measuring the peak and FWH\t 
bandwidth energy (full width of the spectrum between points having half the 
maximum production efficiency ). 

(c) The narrower frequnency spectrum was predicted by the increase in absorption 
above the K edge , and the effect of the K edge was compared with no K-shell 
absorption edge. 
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Figure 2.15 Absorption Factor of Mylar (Single Interface x Multi-foil Absorption). 
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Figure 2.16 Calculated Differential Production Efiiciencv 
from 30 Foils l|im Al. 
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Fieure 2.17 Calculated Differential Production Efficiency 
from 8 Foils 2.5^im Mylar. 
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Figure 2. IS Calculated Differential Production Efficiency 
from l Foil 26pm Al. 




Figure 2.19 Calculated Differential Production Efficiency 
from 1 Foil 1 9pm Mylar. 
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Fiaure 2.20 Calculated Spectral Distribution from 8 Foils 
of Various Thickness of Mylar for 63 MeV. 
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Fiaure 2.21 Effect of the Number of Foils on the Radiation Peak 

of the Ijim Al. 



31 




Figure 2.22 Calculated Effect of K-shell Absorption 
on the A1 Spectrum for 65 MeV Electron. 
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III. EXPERIMENTAL APPARATUS 
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Figure 3.1 Schematic Diagram of a Experimental Apparatus. 



A. EXPERIMENTAL CONCEPT 

The experiment was done at the Naval Postgraduate School at Monterey 
California using a medium energy linac. The experimental apparatus is shown in Fig. 
(3.1). Electrons enter from the left-hand side into a vacuum chamber where they pass 
through the foil stacks, and then through the dump magnet to be deflected out of the 
path of photon detector. During their passage, the x-rays travel entirely in a 10' 6 Torr 
vacuum penetrating the 1000 A window of the proportional counter. Throughout the 
run, the transition radiation photons were detected with a gas-flow x-ray propotional 
counter. Five foil stacks were mounted on a movable platform holder so that five 
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different targets can be used without changing the vacuum. A phosphor (ZnS) target 
was used for the alignment of the electron beam relative to the target chamber. The 
detector was periodically calibrated using a Fe 55 source. The current pulse height was 
monitored using a scintillator just before the beam dump. In this manner the total 
charge was kept constant for each measurement. 

B. EQUIPMENT PERFORMANCE 




Figure 3.2 Schematic Diagram of a Linear Accelerator. 



1. Linac 

The linear accelerator (Linac) is used to produce high-energy electron bunches 
[Fig. (3.2)]. As for general characteristics, the linac is similar to the Stanford linear 
accelerator Mark 3, which has 1000 MeV kinetic electron energy, while the NPS linac 
is 9.14 m long and 100 MeV. An electron gun at the beginning of the accelerator 
injects electrons at roughly p = 0.5. The design of the accelerator sections causes the 
energy to propagate in the TM mode. The injected electrons are accelerated to near 
the velocity of light in their first few centimeters of travel. Coupled klystrons produce 
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